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SUMMARY 


The  density,  electrical  resistivity,  and  Hall  constant  of  LiB 
alloys  in  the  concentration  range  0-60  at  '’U  B are  reported.  The 
binary  phase  diagram  of  this  system  has  not  been  reported  in  the 
literature  and  the  data  presented  here  are  used  to  obtain  information 
about  the  phases  present.  An  analysis  of  the  measured  density  of  the 
LiB  reveals  that  in  the  composition  range  0-40  at  % B most  of  the  B 
is  present  in  a Li-rich  phase,  probably  Li5B4,  with  possibly  some  Li3B 
also  present.  Up  to  40  at  % B there  are  also  significant  amounts  of 
free  Li  in  these  alloys.  The  electrical  resistivity  at  room 
temperature  was  roughly  constant  between  0 and  45  at  % B and  then 
started  to  rise  rapidly  with  increasing  B.  The  Hall  coefficient  at 
room  temperature  was  fairly  constant  from  0 to  40  at  % B and  then 
started  to  rise.  The  temperature  dependence  and  magnitude  of  the 
electrical  resistivity  were  metallic  in  nature,  and  there  was  no 
evidence  of  semiconducting  behavior  at  the  higher  B concentrations. 
There  was  a break  in  the  resistivity  of  the  40  at  % B sample  at  the 
melting  point  of  Li  indicating  the  presence  of  free  Li,  but  not  in 
the  50  to  60  at  % B samples.  It  was  possible  to  calculate  the 
stoichiometry  and  density  of  the  LiB  phase  (or  phases)  present  in  the 
40  at  lo  B sample:  55.3  at  % Li  and  1.07  g/cm^,  respectively,  very 
close  to  the  55.6  at  k Li  and  1.0537  g/ cm^  calculated  for  Li5B4 
predicted  from  a recent  x-ray  and  neutron  diffraction  structure  study 
by  Wang,  et  al. 
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INTRODUCTION 


Until  1972  there  were  only  scattered  and  sketchy  reports  of  the 
existence  of  LiB  compounds,  all  boron  rich.  These  included:  LiB^^; 

Lin  32B  58^;  LiB4  with  a = 7.20A  and  d = 1.73  g/cm’;  and 
LiB^n  85  -t  0.35  with  a 7.18A^.  Extensive  studies  of  the  properties 
of  these  compounds  were  not  made.  However,  in  1972  a binary  alloy 
system  of  LiB  was  discovered^,  which  has  quite  an  interesting  binary 
phase  structure  at  the  Li  rich  compositions.  Since  the  density  of  Li 
is  only  0.534  g/cm^  (and  B is  2.535  g/cm^)®  these  alloys  are  super- 
lightweight and  in  some  cases  lighter  than  water.  Some  of  the 
properties  of  these  Li-rich  alloys  have  been  measured.  Recently  James 
and  Devries^  reported  the  anodic  discharge  behavior  of  two  of  these 
LiB  alloys,  containing  13. 8B  and  31. 6B  (the  numbers  refer  to  atomic 
concentration  of  boron)  in  a LiCl-KCl  eutectic  melt  between  673  and 
873°K.  Calculated  values  of  the  amount  of  Li  contained  in  the  LiB  alloy 
anodes  at  the  main  break  of  the  discharge  curves  clustered  around 
67  at.%  Li.  It  was  suggested  that  this  end  product  was  Li2B,  but  our 
work  shows  that  this  could  in  fact  be  a mixture  of  two  phases.  In 
other  work  X-ray  and  neutron  diffraction  NMR  measurements  have  recently 
been  completed  in  the  composition  range  of  0 - 60B® . These  results 
indicate  that  there  are  two  or  more  phases  present  in  addition  to 
free  Li  in  the  alloys  in  this  concentration  range  and  that  one  of  the 
phases  has  a stoichiometry  of  Li5B4  and  a lattice  spacing  of  4.935A. 

The  calculated  density  is  1.0537  g/ cwr  (one  Li5B4  molecule  per  unit 
cell)  . The  Li  atoms  are  arranged  in  a bi-tetrahedral  cluster  with  Li 

T~.  Elliott , R.  P.,  Constitution  of  Binary  Alloys,  First  Supplement, 
(McGraw-Hill,  New  York,  1965)  , pT!  124. 

2.  Shunk,  F.  A.  Constitution  of  Binary  Alloys,  Second  Supplement, 
(McGraw-Hill,  New  York,  1969) , p . 89 . 

3.  Casanova,  J.,  French  Patent  No.  1,461,878  (1965). 

4.  Secrist,  D.  R.  , "Compound  Formation  in  the  Systems  Lithium-Carbon 
and  Lithium-Boron, " J . Amer . Cer . Soc . , 50 , 520  (1967). 

5.  Wang,  F.  E.,  "Unusual  Phenomenon  in  the  Formation  of  Li-B  Compound 
Alloy,"  Naval  Surface  Weapons  Center,  White  Oak  Laboratory, 
submitted  to  Phys . Rev.  Ltrs . 

6.  Gray,  Dwight  E. , American  Institute  of  Physics  Handbook,  Third 
Ed.,  (McGraw-Hill,  liew  York,  1972)  , pps . 2-19 , 2-20. 

7.  James,  S.  D.  and  Devries,  L.  E.,  "Structure  and  Anodic  Discharge 
Behavior  of  Lithium-Boron  Alloys  in  the  LiCl-KCl  Eutectic  Melt," 

J.  Electrochem.  Soc. , 123 , 321  (1976) . 
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atoms  at  the  five  apices.  The  four  boron  atoms  are  in  planar  trigonal 
cluster  with  3 boron  atoms  at  the  corners  and  one  in  the  center.  The 
structure  is  rhombohedral  (R3)  in  its  short-range-ordered  state  and 
bcc  (123)  in  the  statistically  disordered  (long  range)  state.  The 
interatomic  distance  of  the  Li  atoms  is  only  1.25A,  which  is  similar 
only  to  that  of  Li  in  Li^  vapor.  The  small  atomic  size  is  also 
consistent  with  the  density  results  to  be  reported  in  Section  III, 
which  indicate  a very  close  packing  of  Li  and  B. 

Data  on  the  density,  Hall  coefficient,  and  electrical  resistivity, 
of  LiB  as  a function  of  composition,  and  in  the  case  of  electrical 
resistivity,  as  a function  of  temperature,  are  reported  in  this 
article.  In  a binary  alloy  at  thermodynamic  equilibriimi  at  constant 
pressure  only  two  phases  can  coexist  (Gibbs  phase  rule) . However, 
there  were  more  than  two  phases  present  in  the  alloys  discussed  here 
and  hence  they  were  not  at  equilibrium.  Very  little  was  known  about 
the  phases  present,  and  thus  the  data  are  interpreted  in  that  light. 
Since  the  alloys  are  highly  reactive  with  air,  a munber  of  special 
apparatuses  had  to  be  designed  and  precautions  taken  to  avoid 
contamination.  These  are  described  in  Section  II.  The  results  of 
the  measurements  are  presented  in  Section  III  and  used  as  much  as 
possible  to  get  information  about  the  metallurgical  nature  of  the 
alloys.  The  conclusions  are  in  Section  IV. 
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EXPERIMENTAL 

The  properties  of  lithium-rich  Li-B  alloys  are  difficult  to 
understand  because  of  the  unique  way  that  solid  Li-B  is  formed. 

Because  the  boiling  point  of  lithium,  1330°C,  is  lower  than  the 
melting  point  of  boron,  2030°C,  the  conventional  method  of  preparing 
Li-B  compounds,  i.e,,  heating  both  constituents  together  above  their 
melting  points,  has  met  with  only  limited  success;  only  complicated 
B-rich  compounds  have  been  previously  prepared.  However,  the  Li-B 
alloys  discussed  here  were  prepared  by  a different  process  which 
results  in  the  formation  of  lithium-rich  compounds  also. 

The  process  involves  two  steps.  Molten  lithium  is  extremely 
reactive  (increasingly  so  as  the  temperature  is  raised) , and  it  is 
found  that  finely  divided,  solid  boron  will  dissolve  readily  in  the 
melt  between  180°C  and  500°C  (with  a limit  of  about  60  a/o  B, 
empirically).  Thus,  the  first  step  in  the  preparation  involves 
melting  lithium  in  an  iron  crucible  and  dissolving  boron  while  the 
temperature  gradually  increases  over  a period  of  1/2  to  2 hours  to 
SOO^C.  Initially,  it  appears  that  there  is  a lot  of  free  lithium 
present  at  the  top  of  the  melt  and  a thicker  solution  of  Li-B  and 
free  boron  at  the  bottom  of  the  crucible.  As  the  temperature  rises, 
the  melt  thickens  and  the  free  lithium  is  eventually  absorbed.  The 
appearance  of  the  melt  is  a shiny,  white  metallic  lustre.  As  the 
temperature  nears  500°C  the  melt  loses  its  metallic  lustre  and  becomes 
white  and  pasty. 

The  second  step  in  the  preparation  process  is  what  gives  Li-B  its 
unique  place  among  metallic  alloys.  As  the  temperature  rises  above 
500°C,  at  some  temperature  below  SOO^C  the  Li-B  solution  goes  through 
a strongly  exothermic,  irreversible  reaction  and  forms  a metallic 
solid.  The  kinetics  of  this  alloy  formation  reaction  are  not  well 
understood.  Once  it  starts,  it  cannot  be  controlled,  and  because 
of  the  violence  and  speed  of  the  reaction  atoms  don't  have  time  to 
diffuse  to  equilibrium  positions;  any  inhomogeneities  in  the  melt 
are  frozen  in.  Thus,  it  is  to  be  expected  that  these  alloy  samples 
will  be  formed  in  a state  containing  several  non-equilibrium  phases. 

All  samples  discussed  here  were  prepared  with  99.9%  pure  Li  (with 
principal  impurities  0.008%.  Na  and  0.006%,  Fe,  by  weight)  obtained  from 
the  Foote  Mineral  Company  and  98.9%o  pure  B (with  principal  impurities 
0,60%o  C,  0.14%,  Fe,  0.009%o  H,  0.015%o  N,  0.09%  0,  0.10%  Si,  and  0.01%  Mg, 
by  weight)  obtained  from  either  Atomergic  or  Kawecki  Berylco 
Industries,  Inc.,  in  an  iron  curcible  in  a glove  box  with  a helium 
atmosphere  in  which  each  of  the  individual  impurities,  O2 , N2,  and 
H2O,  were  less  than  1 ppm. 

The  preparation  of  the  electrical  samples  is  summarized  in  Table  1, 
along  with  the  electrical  properties  measured.  In  all  cases  the  boron 
was  added  to  the  molten  lithium  at  a temperature  of  450°C,  and  after 
the  transition  and  anneal  2,  the  samples  were  removed  from  the  furnace 
and  allowed  to  cool  in  ambient. 
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TABLE  1 

SAMPLE  PREPARATION  AND  PROPERTIES 
Dissolution  temperature  = 450‘’C 


Nominal 

Boron 

Boron 

Anneal  //l^ 

Trans 

Anneal  y/2® 

Cone.  B 

Sup- 

Mesh 

Melt 

Temp 

Time 

Temp‘d 

Temp 

Time 

Surface 

(at.%) 

pller^ 

Size 

Cond^ 

(“C) 

(Hrs) 

(“C) 

(°C) 

(mins) 

Sanded? 

la 

9.66 

K 

-2004-300 

3 

510 

1.0 

717 



— _ — _ 

No 

lb 

9.66 

K 

-2001-300 

3 

510 

1.0 

717 

— 

— 

Yes 

2 

17.63 

K 

-2004-300 

2 

510 

1.0 

711 

— 

— 

Yes 

3 

24.3 

K 

-200f300 

2 

510 

2.3 

711 

— 

— 

Yes 

4 

32.5 

K 

-200+300 

2 

510 

1.5 

711 

— 

— 

Yes 

5 

39.1 

K 

-200f300 

2 

510 

1.0 

711 

— 

— 

Yes 

6a 

39.1 

A 

-200+300 

2 

510 

1.0 

711 

— 

— 

No 

6b 

39.1 

A 

-200+300 

2 

510 

1.0 

711 

— 

— 

Yes 

7 

40.0 

K 

-120+200 

2 

— 

— 

700 

— 

— 

Yes 

8 

42.82 

K 

-80+120 

3 

— 

— 

700 

— 

— 

No 

9 

42.82 

K 

-200+300 

3 

510 

1.0 

718 

718 

5 

Yes 

10 

42.82 

A 

-120+200 

2 

510 

2.1 

711 

711 

5 

Yes 

11 

42.82 

A 

-120f200 

2 

510 

2.0 

711 

711 

5 

Yes 

12 

45.0 

K 

- 

— 

— 

700 

— 

— 

Yes 

13 

46.12 

K 

-80+120 

2 

— 

— 

700 

— 

— 

No 

14 

46.12 

A 

-200+300 

3 

510 

1.0 

717 

— 

— 

Yes 

15 

46.12 

A 

-120+200 

2 

513 

1.0 

745 

745 

5 

Yes 

16 

49.05 

K 

-80+120 

2 

— 

— 

700 

— 

— 

No 

17 

49.05 

K 

-80+120 

3 

— 

— 

700 

— 

— 

No 

18 

49.05 

K 

-120+200 

3 

— 

— 

700 

— 

— 

No 

19 

49.05 

A 

-200+300 

2 

525 

1.0 

711 

711 

5 

Yes 

20 

49.05 

A 

-120+200 

3 

500 

1.0 

743 

743 

5 

Yes 

21 

49.05 

A 

-120+200 

1 

478 

1.5 

650 

650 

10 

Yes 

22 

49.05 

A 

-120+200 

1 

478 

1.5 

650 

650 

10 

Yes 

23 

49.05 

A 

-120+200 

2 

478 

1.5 

650 

650 

10 

Yes 

24 

50.0 

K 

2 

— 

— 

700 

— 

— 

Yes 

25a 

51.69 

K 

-80+120 

2 

— 

— 

700 

— 

— 

No 

25b 

51.69 

K 

-80+120 

2 

— 

— 

700 

— 

— 

Yes 

26 

51.69 

K 

-12  04-2  00 

2 

556 

1.5 

556 

600 

5 

No 

27 

51.69 

K 

-200+300 

2 

510 

1.0 

726 

— 

— 

Yes 

28 

51.69 

K 

-200+300 

2 

510 

1.0 

711 

— 

— 

Yes 

29 

51.69 

A 

-120f300 

2 

521 

1.0 

734 

734 

5 

Yes 

30a 

54.94 

A 

-120+200 

2 

— 

— 

719 

— 

— 

No 

30b 

54.94 

A 

-120+200 

2 

— 

— 

719 

— 

— 

Yes 

31a 

54.94 

A 

-120+200 

2 

— 

— 

719 

— 

— 

No 

31b 

54.94 

A 

-120+200 

2 

— 

— 

719 

— 

— 

Yes 

32 

58.2 

K 

-120+200 

3 

— 

— 

700 

700 

3 

No 

33 

60.0 

K 

2 

— 

— 

700 

— 

— 

Yes 

^ K = Kawecki;  Berylco  Industries;  A = Atomergic 
b Condition  of  melt  before  transfering  material  into  mold 


1.  Pure  liquid  lithium  still  present  with  molten  Li-B 

2.  Liquid  lithium  and  boron  completely  combined  and  viscous 

3.  Melt  pasty 

c Anneal  of  material  after  transfer  to  mold 

d Temperature  at  which  sample  was  mold  held  to  cause  transition 
e Anneal  after  transition 
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TABLE  1 (Cont.) 


All  Samples  Cooled  Outside  of  Furnace 


Nominal 

Sample 

Cone.  B 

P 

No. 

(at.%) 

(pfjem) 

(10-10m3c~l) 

Comments 

la 

9.66 

13.2 

7.27 

lb 

9.66 

12.4 

7.11 

Sample  la  with  surfaces  sanded 

2 

17.63 

13.7 

9.40 

3 

24.3 

12.4 

9.41 

4 

32.5 

13.0 

9.51 

5 

39.1 

13.4 

9.82 

6a 

39.1 

15.8 

10.6 

6b 

39.1 

13.8 

9.25 

Sample  6a  with  surfaces  sanded 

7 

40.0 

17.1 

— 

8 

42.82 

14.1 

10.7 

9 

42.82 

14.9 

10.1 

1C 

42.82 

13.3 

8.68 

Transition  occurred  during  Anneal  1 

11 

42.82 

21.0 

11.3 

Transition  occurred  during  Anneal  1 

12 

45.0 

18.4 

— 

13 

46.12 

13.72 

11.9 

14 

46.12 

15.4 

10.0 

15 

46.12 

14.7 

9.53 

16 

49.05 

20.5 

8.96 

17 

49.05 

24.7 

11.5 

18 

49.05 

18.3 

11.6 

19 

49.05 

17.5 

11.6 

Transition  may  have  occurred  during  Anneal  1 

20 

49.05 

13.9 

9.55 

21 

49.05 

19.9 

12.9 

22 

49.05 

16.9 

9.96 

23 

49.05 

22.5 

12.6 

24 

50.0 

25.3 

— 

25a 

51.69 

19.30 

10.1 

25b 

51.69 

19.41 

9.49 

Sample  25a  with  surfaces  sanded 

26 

51.69 

16.38 

12.0 

Transition  occurred  during  Anneal  1. 

27 

51.69 

23.0 

12.0 

28 

51.69 

18.1 

10.4 

29 

51.69 

18.2 

11.3 

30a 

54.94 

23.2 

10.6 

30b 

54.94 

23.1 

10.3 

Sample  30a  with  surfaces  sanued 

31a 

54.94 

18.5 

10.2 

From  same  melt  as  sample  30 

31b 

54.94 

18.8 

9.7 

Sample  31a  with  surfaces  sanded 

32 

58.2 

24.8 

11.0 

33 

60.0 

54.3 

— 
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Because  of  the  difficulty  of  machining  samples  in  the  glove  box, 
at  some  point  in  the  process  of  dissolving  boron  (indicated  in  Table  1) 
part  of  the  material  was  transferred  to  a stainless  steel  sample  mold, 
and  taken  through  the  transition  in  it.  A black  or  grey  surface 
coating  usually  formed  on  the  sample  during  reaction  in  the  mold. 

This  could  be  removed  by  light  sanding.  In  seme  cases  this  coating 
made  a difference  in  the  measured  value  of  the  electrical  properties. 

Three  types  of  electrical  measurements  were  made,  each  with  its 
own  special  set  of  problems:  (1)  the  composition  dependence  of  the 
electrical  resistivity  p and  Hall  constant  Ry  at  room  temperature; 

(2)  the  temperature  dependence  of  the  electrical  resistivity  below 
293°K;  and  (3)  the  temperature  dependence  of  the  electrical 
resistivity  above  293°K. 

In  order  to  make  Hall  measurements  a sample  had  to  be  put  between 
the  poles  of  a large  magnet,  one  which  would  not  fit  into  a dry  box; 
thus,  a small  easily-disassembled,  hermetically  sealed  container  was 
built  which  permitted  the  samples  to  be  made  and  measured  without 
ever  coming  into  contact  with  air.  This  container  is  showed  in 
Fig.  1.  The  samples  measured  9.67  X 2.5  X 0.40  mm,  and  the  distance 
between  the  voltage  probes  (measured  through  the  plexiglass  front 
of  the  dry  box  with  a cathe tome ter  with  a precision  of  0.1  mm)  was 
typically  6.0  mm.  The  current  contacts  were  about  1 mm  from  the 
voltage  contacts,  a sufficient  separation  because  the  electrical 
resistivity  of  similar  sized  pure  Cu  and  Ta  samples  were  reproduced 
within  27o  of  their  values  measured  by  other  methods.  The  Hall  voltage 
contacts  in  Fig.  1 were  spring  loaded,  and  slipped  in  and  out  of 
nylon  bushings  which  provided  electrical  insulation.  The  current  and 
voltage  contacts  were  electrically  insulated  from  the  sample  holder 
by  means  of  0.05  mm  thick  Scotch  polyester  electrical  tape,  #65.  The 
sample  holder  fit  between  the  10  cm  poles  of  an  electromagnet  which 
provided  a field  of  1.66  T for  all  Hall  measurements.  Fig  2 shows 
the  electrical  circuit  used  to  measure  the  Hall  coefficient  and 
electrical  resistivity.  The  electrical  current  (0.2  amp  max)  was 
swept  through  one  cycle  with  a period  of  20  secs  in  both  zero  magnetic 
field  and  with  magnetic  field  in  forward  and  reverse  polarities.  By 
sweeping  the  current  this  way  the  effect  of  thermal  emf's  and  Hall 
contact  offset  could  be  eliminated.  The  electrical  resistivity  is 
p = s • A/L  where  s is  the  slope  of  the  Vx  versus  current  plot  on  the 
X-Y  recorder  multiplied  by  appropriate  scale  factors,  and  A/L  is  the 
geometry  factor  of  the  sample.  The  Hall  coefficient  R^  = 0.5AS  • t/B 
where  AS  is  the  difference  between  slopes  of  Hall  voltage  versus 
current  plots  on  the  X-Y  recorder  for  magnetic  induction,  B,  in  the 
forward  and  the  reverse  directions,  respectively,  and  t is  the  sample 
thickness.  The  thickness  and  width  of  the  samples  were  measured  with 
a micrometer  with  a precision  of  0.0015  mm,  but  variations  in  the 
cross  sectional  dimensions  gave  rise  to  an  error  of  about  37o  in  the 
thickness  and  17o  in  the  width.  The  experimental  error  in  measuring 
the  slope  of  the  line  from  the  X-Y  recorder  was  less  than  0.37o. 

Another  factor  which  affected  the  sample  dimensions  was  an  oxide 
coating  deposited  during  preparation  about  0.02  to  0.04  mm  thick  which 
had  to  be  sanded  off. 
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1 Brass  Sample  Holder 

8 Epoxy  Seal  (Inside) 

2 Sample 

9 Brass  Mount 

3 Current  Contact.  Knife 

10  10-pin  Connector 

4 Voltage  Contact,  Point 

11  Cover,  Section 

5 Hall  Voltage  Contact 

12  0-Ring 

6 Copper  Tube 

13  Section  Along  Sample  Axis, 

7 Electrical  Leads 

Including  Cover 

FIGURE  1 HERMETICALLY  SEALED  SAMPLE  HOLDER  FOR  ELECTRICAL  RESISTIVITY 

AND  HALL  COEFFICIENT  MEASUREMENTS. 

FIGURE  2 CIRCUIT  USED  TO  MEASURE  ELECTRICAL  RESISTANCE 
AND  HALL  VOLTAGE  OF  SAMPLES 
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In  the  case  of  the  Hall  coefficient,  the  difference  in  slopes 
could  be  measured  with  error  of  57o  or  less.  The  error  of  the 
measurements  of  magnetic  field  was  less  than  1%.  Thus,  assuming  that 
these  are  random  errors  that  add  as  the  square  root  of  the  sum  of  the 
squares,  the  total  experimental  error  in  the  Hall  coefficient  was  67., 
and  the  electrical  resistivity,  3.6%.  The  temperature  dependence  of 
the  electrical  resistivity  of  two  specimens,  45B  and  508,  was  measured 
below  room  temperature.  The  458  sample,  about  32  x 1.5  x 1.8  mm,  was 
sealed  into  a small  copper  case  the  inside  of  which  was  electrically 
insulated  with  the  Scotch  #65  polyester  tape  0.05  mm  thick.  The  lid 
of  the  case  had  4 knife  edge  spring  contact,  2 voltage  and  2 current, 
attached  to  it  with  epoxy  seals  around  the  electrical  feed-throughs. 

The  sample  was  placed  in  the  case  (50.8  mm  x 3.2  x 1.5  ram)  and  the 
lid  sealed  on  with  beeswax.  The  case  was  then  mounted  in  a resistance 
probe  and  measured  as  described  previously^.  The  geometry  factor 
L/A,  was  54.1  1.5  cm“l,  and  the  error  in  this  determined  the 

experimental  error,  about  37,.  The  508  sample  was  a rod  that  measured 
76.2  X 4.5  mm,  and  L/A  was  20.4  0.2  cm"l.  It  was  coated  with  beeswax 

after  preparation,  and  current  and  potential  contacts  were  inserted 
by  drilling  0.79  mm  holes  and  pushing  in  wires  of  slightly  greater 
diameter.  The  sample  was  put  into  a probe  and  measured  as  described 
previously^.  The  combined  error  in  the  geometry  and  voltage  measure- 
ments was  only  17,,  but  the  sample  probably  reacted  with  some  of  the 
oxygen  and  HoO  impurities  in  the  beeswax  and  formed  an  oxide  layer 
which  reduced  the  effective  area  to  an  undetermined  extent.  Thus, 
the  error  in  the  resistivity  of  this  sample  could  have  been  rather 
large . 

The  measurements  of  the  electrical  resistivity  from  room 
temperature  up  to  870OK  were  made  by  an  AC  method  described  elsewhere^^. 
The  samples  (51  x 1.6  x 3.2  mm)  were  prepared  and  mounted  in  the 
sample  holder  in  Fig.  3,  This  was  put  into  a furnace  without  ever 
removing  it  from  the  dry  box.  The  furnace  was  turned  on  and  the 
sample  resistance  plotted  directly  as  a function  of  thermocouple 
voltages  on  an  X-Y  recorder.  Thus,  any  metallurgical  phase  changes 
in  the  material  causing  resistance  anomalies  could  be  seen  directly. 

The  Inconel  weights  on  the  sample  holder  in  Fig.  3 provided  enough 
pressure  to  maintain  good  electrical  contact  with  the  sample  during 
heating  and  cooling.  Care  was  taken  to  ensure  that  the  thermocouple 
junction  was  in  direct  contact  with  the  middle  of  the  sample  to 
minimize  the  error  due  to  the  large  temperature  gradients  in  the 
oven.  No  correction  for  thermal  expansion  of  the  sample  was  made. 

This  could  cause  as  much  as  17.  change  in  the  geometry  factor,  and 
hence  the  resistivity  over  the  273  - 873°K  temperature  range. 


tance  Probe  for  Measurements  from 
45,  708  (1974). 

10.  Mitchell,  M.  A.,  "A  Simple  Microohmmeter , submitted  for 
publication  in  Rev.  Sci.  Inst. 


4.2  to  300K,"  Rev.  Sci.  Inst. , 
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FRONT  VIEW  SIDE  VIEW 


1 BORON  NITRIDE  BASE  6 INCONEL  WEIGHTS 


2 SAMPLE 

3 INCONEL  CURRENT  CONTACT 

4 INCONEL  VOLTAGE  CONTACT 

5 INCONEL  CONTACT  SUPPORT 


FIGURE  3 SAMPLE  HOLDER  USED  TO  MAKE  MEASUREMENTS  OF  ELECTRICAL 
RESISTANCE  ABOVE  ROOM  TEMPERATURE. 


7 ELECTRICAL  LEADS 

8 CLIP  FOR  THERMOCOUPLE 

9 CHROMEL-ALUMEL  THERMOCOUPLE 
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There  were  nine  density  specimens.  Five  of  them  (the  unconstrained 
specimens)  were  made  in  an  iron  crucible  and  machined  into  cylindrical 
samples  about  13  mm  long  by  28  mm  in  diameter  and  5-13  g in  weight. 

The  length  and  diameter  were  measured  with  a micrometer  with  2.5ym 
precision,  and  the  weighing  was  done  with  a precision  of  1 mg.  The 
surface  roughness  of  the  specimen  caused  an  error  in  the  volume 
measurement  of  less  than  0.47o,  and  the  error  in  the  weight  measurement 
was  less  than  0.057o.  The  two  extruded  samples  were  rods  about 
6.4  X 100  mm.  Their  length  was  measured  with  a scale  and  the  diameter 
with  a micrometer.  The  error  in  density  was  again  about  0.47o.  The 
densities  of  two  of  the  resistivity  samples  (constrained  samples, 
solidified  in  a mold),  the  50B  rod  and  the  40B  bar,  were  measured  in 
the  same  way  as  for  the  extruded  samples  with  the  same  error. 
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RESULTS 

ELECTRICAL  RESISTIVITY  HALL  CONSTANT . The  results  of  the 
electrical  resistivity  and  hall  coefficient  measurements  are  shown 
in  Figs.  4 and  5.  In  the  case  of  the  electrical  resistivity  the 
general  trend  in  the  data  is  a gradual  increase  up  to  about  45B  and 
then  a strong  increase  above  that  composition.  In  Table  2 the  room 
temperature  resistivity  and  Hall  coefficient  of  Li,  B,  and  Lij^Bj^.j^ 
are  compared  with  some  other  metals.  Boron  has  a very  high, 
semiconducting  value  of  electrical  resistivity,  and  Li  a low, 
metallic  resistivity.  One  would  expect  that  in  spanning  the 
composition  range  from  pure  Li  to  pure  B the  alloy  would  exhibit  an 
increase  in  electrical  resistivity  of  over  13  orders  of  magnitude! 

From  Fig.  4 it  would  seem  then  that  metallic  LiB  phases  become 
significant  between  0 and  lOB,  and  there  is  a mixture  of  pure  Li 
with  these  phases  up  to  about  44B.  Above  tha toother  B-rich  phases 
with  high  electrical  resistivities  are  formed  in  significant  amounts. 
The  electrical  resistances  of  these  phases  add  as  resistances  in 
parallel,  and  the  lower  resistance  phases  short  out  the  higher  ones. 

The  Hall  data  in  Fig.  5 show  the  same  general  trend,  except  that 
the  composition  region  in  which  the  LiB  phases  become  significant 
is  pinpointed  somewhat  better.  The  Hall  constant  of  Li  (see  Table  2) 
is  small  and  negative,  but  for  B it  is  large  and  positive.  At  lOB 
the  Hall  constant  of  the  alloy  is  already  large  and  positive  relative 
to  pure  Li.  This  behavior  would  have  to  be  attributed  to  the  presence 
of  the  LiB  phases  or  pure  B,  most  likely  the  former  because  there  is 
no  drastic  increase  of  Rjj  at  the  higher  concentrations  of  B as  would 
be  expected  if  significant  amounts  of  free  B are  present. 

It  can  be  seen  that  there  is  a large  amount  of  scatter  in  the 
vicinity  of  SOB,  in  both  the  electrical  resistivity  and  Hall 
coefficient.  It  is  considerably  larger  than  the  experimental  error, 

47o  and  67o,  respectively,  and  is  almost  certainly  caused  by  variations 
in  the  relative  amounts  of  the  phases  present  and  porosity,  as  the 
density  measurements  will  show  later. 

Another  problem  which  affects  the  measurement  is  the  reactivity 
of  these  alloys.  In  order  to  test  the  reactivity  of  the  samples  in 
the  sample  holder  the  change  in  p and  R^  was  measured  as  a function 
of  time,  as  shown  in  Fig.  6.  Firstly,  this  shows  us  that  there  was 
not  a significant  amount  of  oxidation  of  the  samples  between  the  time 
the  sample  holder  was  sealed,  and  the  time  the  measurements  were  made, 
no  more  than  one-half  hour.  Secondly,  the  difference  in  degradation 
rates  between  the  electrical  resistivity  and  Hall  constant  indicates 
that  the  two  parameters  are  each  characteristic  of  different  phases. 
The  electrical  resistivity  of  the  alloy  is  more  characteristic  of  the 
pure  Li  present  in  the  sample,  because  it  has  the  lowest  resistivity. 
The  Hall  constant  of  the  alloy  is  more  characteristic  of  the  LiB 
phases  because  they  are  positive  and  Li  is  negative.  It  would  seem, 
then  that  the  LiB  phases  degrade  at  a much  faster  rate  than  the  pure 
Li. 
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CONCENTRATION  OF  B (AT.%) 


FIGURE  4 ELECTRICAL  RESISTIVITY  AT  ROOM  TEMPERATURE  OF  LIB  AS  A FUNCTION  OF  B 
CONCENTRATION.  THE  (X>,  FOR  UgB4,  IS  CALCULATED  FROM  THE  40B  ALLOY. 
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CONCENTRATION  OF  B (AT.  %) 


FIGURE  5 HALL  CONSTANT  AT  ROOM  TEMPERATURE  OF  LIB  AS  A FUNCTION 
OF  B CONCENTRATION. 


i 
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TABLE  2 

COMPARISON  OF  ELECTRICAL  DATA^ 


Resistivity 

Hall  Mobility 

Carrier  Cone. 

P 

y 

N (Calc) 

Compound 

(10“^°  m^/C) 

(10-8 

(10-2  ni2/J2c) 

(10^^  m-3) 

Cu 

-0.55 

1.70 

3.23 

-1.13 

Rh 

370 

4.78 

77.4 

1.69  X 10“3 

Ta 

1.01 

13.1 

7.7j^  X 10-2 

0.61g 

Li 

-1.7 

9.21 

O.I84 

-0.367 

(2.8  * 2.3)  X 

10^  1.7xl0l^ 

1.6^  X 10-^ 

2.23  X 10-10 

Li  B. 

X 1-x 

9.5  to  13 

12.5  to  23 

0.76  to  0.57 

(6.6  to  4.8)  X 

^ Room  temperature 
^ Semiconductor,  Eg  = 1.6  eV 
^ X = 0.80  to  0.50  at.  fraction 
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The  temperature  dependence  of  the  electrical  resistivity  of  the 
alloys  is  plotted  in  Fig.  7.  The  increase  of  electrical  resistivity 
with  B concentration  is  again  quite  pronounced  (as  in  Fig.  4).  The 
data  for  pure  Li  were  taken  from  reference  11.  The  low  temperature 
data  for  50B  (solid  points)  are  probably  a bit  high  as  the  sample  was 
not  well  protected  from  contamination  by  H2O,  O2,  and  N2. 

In  general,  the  electrical  resistivity  is  typical  of  a metallic 
alloy,  i.e.,  there  is  a temperature  independent  part  at  the  lowest 
temperatures,  and  a temperature -dependent  part  which  increases  with 
increasing  temperature.  Mathiessen's  rule  is  not  even  approximately 
obeyed.  Since  B is  a semiconductor,  it  is  not  unreasonable  to  expect 
that  one  of  the  compounds  of  LiB  will  be  semiconducting,  although  none 
of  the  alloys  we  have  measured  have  a positive  temperature  coefficient 

most  interesting  feature  of  Fig.  7 is  the  break  in  the 

curve  of  the  40B  sample  at  the  melting  point  of  Li  at  454°K,  and  the' 
fact  that  it  does  not  occur  in  the  SOB  sample.  This  would  indicate 
that  there  is  a significant  amount  of  free  Li  in  the  40B  sample,  but 
not  in  SOB.  It  is  of  interest  to  try  to  calculate  how  much  free  Li 
there  is  in  the  40B. 


To  do  this  make  the  simplifying  assumption  that  there  are  two 
geometrically  simple  resistances  in  parallel  in  the  40B  sample,  one 
of  pure  Li  and  the  other  containing  the  various  LiB  phases.  Define 


B = p^/ p_  = R+/R_ 

Y = Pl+/p.  = Rl+/R- 


(1) 


where  p and  pj^  are  the  electrical  resistivities  of  the  sample  and  of 
pure  Li,  respectively;  R and  Rt  are  the  electrical  resistances  of  the 
sample  and  of  the  pure  Li  in  the  sample,  respectively;  and  the  + and 
- refer  to  values  just  above  the  just  below  the  melting  point  of  Li, 
respectively.  The  6 and  y may  be  obtained  from  Fig.  7.  Suppose  Rx 
is  the  resistance  of  the  LiB  phases  in  40B  and  that  resistance  of 
pure  Li  and  R^  add  in  parallel.  Then 


R-  = 


^x^L 


R 

R..R 


Define : 


(2) 

(3) 


ll.  Shipl'rain,  E.  E.  and  Savchenko , V.  A ., "Experimental  Study  of  the 
Electrical  Conductivity  of  Lithium  and  Cesium  in  the  Condensed 
Phase  at  Temperatures  up  to  1200°K,"  Teplofizika  Vysolikh 
Temperatur , 6,  254  (1968) . 
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FIGURE  7 ELECTRICAL  RESISTIVITY  OF  LiB  ALLOYS  AS  A FUNCTION  OF  TEMPERATURE. 


21 


NSWC/WOL  TR  77-144 


The  two  constants  B and  y are  to  be  determined  from  Fig.  7,  and  a can 
be  obtained  from  them  by  substituting  Eqs.  (1)  and  (3)  into  Eq.  (2). 
The  result  is 


The  effective  cross  sectional  area  of  the  pure  Li  phase  may  be 
calculated,  and  then  its  volume.  From  this  the  amount  of  free  Li 
may  be  calculated  and  finally  the  net  stoichiometry  and  electrical 
resistivity  of  the  LiB  phases  present  in  the  40B.  This  calculation 
is  summarized  in  Table  3.  The  density  and  stoichiometry  of  the  LiB 
phases  calculated  in  this  way  are  1.07  g/cm^  and  44. 7B,  respectively, 
which  are  deduced  from  the  x-ray  and  neutron  diffraction  study^. 

There  is  surely  a small  amount  of  another  phase  (or  phases)  present, 
but  as  the  density  calculation  indicates,  the  amount  is  small 
(-  37o,  for  almost  any  combination  of  phases  besides  Li  and  Li5B4)  . 
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TABLE  3 

CALCULATION  OF  STOICHIOMETRY  OF  PHASE  I IN  40B  SAMPLE 


Symbol 

Explanation 

Value 

Units 

Electrical  resistance  of  sample  above  M.P.* 

1,02 

m^ 

R_ 

Electrical  resistance  of  sample  below  M.P.* 

0.91 

mQ 

Pl+ 

Electrical  resistivity  of  pure  Li  above  M.P.* 

23.7 

Pl- 

Electrical  resitivity  of  pure  Li  below  M.P.* 

14.62 

a 

Sample  width 

3.345 

mm 

b 

Sample  thickness 

1.643 

mm 

1 

Sample  length 

51.6 

mm 

L 

Voltage  probe  spacing 

19.0 

mm 

3 

R+/R_ 

1.12, 

Y 

Pl+/pl- 

1.62, 

a 

y(3-1)/(y-3) 

0.39,8 

Rl- 

Resistance  of  pure  Li  in  sample  below  M.P.* 

3.233 

mfi 

^L 

Effective  cross  section  of  pure  Li  phase  in  sample 

e 0.8593 

(mm)^ 

Vl 

Volume  of  pure  Li  phase  in  sample 

44.34 

(mm)  ^ 

^L 

Density  of  pure  Li 

0.534 

gm/cm' 

W 

Total  weight  of  sample 

0.280 

gm 

AWl 

Weight  of  pure  Li  phase  in  sample 

0.0237 

gm 

Wl 

Total  weight  of  all  Li  in  sample 

0.137 

gm 

Wb 

Total  weight  of  all  B in  sample 

0,142 

gm 

Rx 

Resistance  of  LiB  phases  in  sample  at  M.P.* 

I.3O2 

mfi 

Px 

Resistivity  of  LiB  phases  at  M.P.* 

31.8 

yf)  cm 

ds 

Density  of  sample 

0.98^ 

gm/cm' 

dw 

Density  of  LiB  phases  in  sample 

1.07 

gm/  cm' 

P_ 

Electrical  resistivity  of  sample  just  below  M.P.* 

26.3 

yfi  cm 

Electrical  resistivity  of  LiB  phases  at  300“K 

20.5 

yfi  cm 

^L 

Atomic  percent  of  Li  in  LiB  phases 

55.3 

a/o 

* M.P.  = Melting  point  of  pure  Li  (180. 5°C) 
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f 

I 

DENSITY  RESULTS 

The  measured  density  of  the  LiB  alloys  as  a function  of  composi- 
tion is  plotted  in  Fig.  8.  The  error  in  density  resulting  from  errors 
in  the  weight  and  volume  measurements  is  less  than  0.57o.  Above  30B 
porosity  was  a serious  problem,  as  the  X's  in  Fig.  8 indicate.  The 
X's  are  samples  whose  volume  was  not  constrained  in  a mold  during 
solidification  of  the  alloy,  while  the  circles  with  slashes  represent 
samples  whose  volume  was  constrained  during  the  solidification 
process.  The  theoretical  density  of  Li^B,^,  calculated  using  the 
stoichiometry  and  lattice  spacing,  is  indicated  by  the  + in  Fig.  8. 

The  density  increases  rapidly  as  the  concentration  of  B increases, 
which  is  to  be  expected  since  the  density  of  B is  4-5  times  higher 
than  Li^. 


DENSITY,  DISCUSSION  AND  INTERPRETION . A fair  amount  of  information 
can  be  gleaned  from  Fig.  8 concerning  the  phases  present  in  the  alloys 
and  it  would  appear  that  there  are  more  than  2 (i.e.,  these  alloys  are 
not  at  thermodynamic  equilibrium) . Suppose  there  are  n phases  present 


+ [Li  h 

**"  1 -L  L L I 


+ [Li  B-i  ] 

'■  X 1-x 

n n n 


Assume  that  the  stoichiometries. 


where  0 i Xj^  ^ 1 and  0 - z^^  - 1 
the  Xi ' s , and  the  densities,  and  d^ ' s , of  the  phases  are  known.  We 
want  to  find  out  if  these  phases  can  coexist  stoichiometrically  and 
also  give  the  composite  density,  or,  to  put  it  in  another  vay,  to 


find  a realistic  set  of  t.- 


Zl  + Z2  + • • • + = 


s . 

n 

E 

i=l 


Stoichiometry  requires  that 


= 1.0 


x^z^  + X2Z2  + 


+ X z 
n n 


n 
= E 


i=l 


XiZi  = 


(4) 


(5) 


where  c is  the  total  concentration  of  Li  in  the  alloy.  The  density 
of  the  alloy  with  n phases  may  be  derived  in  teirms  of  the  densities 
of  the  phases  present  in  the  following  way.  The  total  density  is  the 
total  weight  of  the  alloy,  W,  divided  by  the  sum  of  the  volumes  of 
n phases  present.  The  volume  of  the  i^L  phase  is 


^i  = 


[Whili  + [Wg], 


where  [^B^i  weights  of  Li  and  B,  respectively. 
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present  in  the  phase.  These  are  given  by 

W 


[W. 


XiZi 


LiU 


Wfi  i = "i 


1-Xi 


T+F 

Wf 


l-c  1+f 


where  f is  the  ratio  of  the  atomic  weight  of  B to  Li. 
density  is 

n n fx.z.  (l-x^z-f  1 ^ 

d.w/z_^  v^.  (1«)  -TT^J 


Then  the  total 


(6) 


Equations  (4) , (5) , and  (6)  can  be  used  to  interpret  the  density 
of  Fig.  8 in  several  ways,  some  of  which  will  be  discussed  below. 


Since  the  density  data  in  Fig.  8 above  45B  are  less  reliable  than 
below  because  of  the  porosity  problem,  it  is  more  fruitful  to 
concentrate  on  the  alloys  containing  less  than  45B.  It  is  evident 
that  pure  Li  is  one  of  the  phases  present  in  this  concentration  range, 
as  shown  by  the  anodic  behavior  in  the  eutectic  LiCl-KCl,  by  the 
presence  of  Li  lines  in  the  x-ray  diffraction  patterns  of  these 
alloys°,  and  by  the  electrical  resistivity  earlier  in  this  article. 
Previously  reported  compounds  which  may  also  be  present  are  LIBa, 
a = 7.20A,  d = 1.73  g/cm^;^  LiB^^Q.^.  oc,  tetragonal  with  a = 10.16  A 
and  c = 14.28  A (no  density  reported;,  a phase,  or  mixture  of  phases, 
with  a stoichiometry  of  LioB,  no  density  or  lattice  spacing  reported^; 
and  Li5B^  with  a 4.935A  and  a theoretical  density  of  1.0537  g/cm^.° 


Suppose  there  are  only  two  phases  present  in  the  alloys  in  the 
0-40B  range,  Li  and  a LiB  compound.  Given  X2  for  the  compound 
(X]^  = 1.0  for  Li),  Eqs . (4)  and  (5)  can  be  solved  for  zt  and  Z2,  and 
then  Eq . (6)  used  to  calculate  the  density  of  the  two-phase  mixture. 
The  dashed  line  in  Fig.  8 shows  the  case  of  elemental  Li  + elemental  B. 
It  lies  considerably  below  the  measured  values  which  indicates  that  B 
atoms  must  somehow  be  packed  interstitially  between  the  Li  atoms  in 
the  Li  lattice.  One  way  to  accomplish  this  would  be  to  put,  on  the 
average,  one  B atom  on  one  of  the  faces  of  each  Li  unit  cell,  as  will 
be  shown  shortly  (or  statistically,  1/3  B atom  on  each  face) . The 
important  conclusion  to  be  drawn  here  is  that  there  cannot  be  a 
significant  amount  of  elemental  B present  in  the  alloys  --  there  must 
be  other  phases  present. 


Table  4 shows  some  of  the  possible  simple  LiB  compounds.  The 
atomic  diameter  of  pure  Li  is  about  3.04A  and  that  of  B is  1.96A,  but 
the  latter  is  found  to  vary  substantially  in  compounds.  The  compounds 
in  Table  4 marked  with  an  * are  based  on  packing  of  Li  and  B spheres 
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TABLE  4 

POSSIBLE  LiB  COMPOUNDS 


Compound 

c 

(at.fr. Li) 

Struct. 

a 

o 

(A) 

Calc.  Density 
(g/cm^) 

. Density  per 
at.fr. Li 

B 

0.00 

“ — — 

2.535a 

— — 

0.143 

cubic 

3.51 

2.72 

19.04 

*LigB42 

0.177 

cubic 

7.0 

2.45 

13.88 

LiB^ 

0.200 

cubic 

7.20 

1.73 

8.65 

*^^12®24 

0.333 

cubic 

7.0 

1.62 

4.86 

0.400 

bcc 

3.51 

1.74 

4.35 

*Li4®4 

0.500 

fee 

4.935 

0.960 

1.92 

0.556 

rh. (c. ) 

4.935 

1.054 

1.90 

0.667 

cubic 

4.935 

1.001 

1.50 

*Li2B 

0.667 

hep 

3.11  (c  = 5.09) 

0.942 

1.41 

*Li2B  ^ 

0.667 

cubic 

3.51 

0.928 

1.39 

*Ll3B 

0.75 

cubic 

3.51 

1.189 

1.59 

Li 

1.00 

bcc 

3.51 

0.534^ 

0.53 

^Structures  derived  from  packing  of  Li  and  B spheres 
^Measured  densities  from  AIP  Handbook 
t>Lithlum  hexaborlde;  analogous  to  LaB^ 

^Derived  from  a consideration  of  the  X-ray  and  Neutron  Diffraction  patterns  of  the 
polycrystalline  alloys. 
t^Boron  interstitial,  on  face  of  bcc  cell. 
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with  the  above  diameters.  Fig.  9 shows  a comparison  of  the  density 
calculated  with  Eq.  (6)  for  a binary  mixture  of  elemental  Li  and 
one  of  these  compounds  with  the  measured  density  (djjj)  . The  compounds 
which  give  the  best  fit  are  Li2B(cub)  and  Li2B(hcp) . However,  the 
structure  of  either  of  these  two  compounds  in  combination  with  Li 
cannot  index  the  observed  x-ray  diffraction  pattern. 

None  of  the  other  binary  phase  mixtures  fit  the  observed  density, 
as  Fig.  9 shows,  and  in  any  case  it  is  highly  likely  that  there  are 
more  than  two  phases  present  in  the  alloy  between  0 and  45B.  There 
is  metallographic  evidence  for  three^^.  One  other  interesting  feature 
is  that  the  compounds  with  the  lowest  density  per  atomic  fraction  of 
Li,  the  last  column  in  Table  4,  seem  to  give  the  best  results  for 
density,  as  Fig.  9 shows. 

Suppose  now  that  there  are  3 phases  present.  Then,  Eqs . (4),  (5), 
and  (6)  are  three  equations  in  three  unknowns,  Z2,  and  z^,  assuming 

that  we  know  the  stoichiometry  and  density  of  the  three  and  setting 
d = d^jj  in  Eq.  (6).  The  Li5B4  phase  is  likely  to  be  present,  in 
addition  to  Li.  The  only  phase  in  Table  2 which,  in  combination  with 
Li  and  Li^B^,  can  yield  a set  of  solution  to  Eqs.  (4),  (5),  and  (6) 
in  the  composition  range  0-40B  is  Li^B.  Those  solutions  are  given  in 
Table  5.  The  fifth  column  shows  the  atomic  percent  of  Li  present  in 
the  Li^B^  + Li^B  combination.  These  compare  well  with  the  67  at  % Li 
found  in  the  electrochemical  test  of  13. 8B  and  31. 6B  alloys'. 

The  above  type  of  analysis  can  be  extended  to  four  or  more  phases, 
in  which  case  there  are  3 equations  in  4 or  more  unknown  z- 's.  In 
general,  there  will  be  a range  of  z^  for  each  i^^  phase.  There  is 
not  much  to  be  gained  by  going  through  this  exercise  exhaustively. 
However,  three  different  combinations  were  tried,  Li  + LicB^  + LiB^  + 
Li2B,  Li  + Li^B/  + LiB^  + Li^B,  and  Li  + Li^B^  + LioB  + LiB^.  Only 
the  latter  yielded  a realistic  set  of  solutions  with  z^  (for  LiB^) 
allowed  to  vary  from  0 to  about  0.4  in  the  total  composition  range 
of  0-40B. 

Some  important  information  has  emerged  from  the  above  somewhat 
tedious  analysis.  The  main  points  are:  (1)  the  LiB  cannot  simply  be 
a mixture  of  elemental  Li  and  elemental  B;  (2)  some  of  the  phases 
present  in  the  alloy  composition  range  0-40B  must  have  a closer 
packing  of  Li  than  in  the  bcc  Li  structure;  (3)  there  are  probably 
3 or  more  phases  present  which  means  that  the  alloys  considered  are 
not  equilibrium  binary  alloys;  (4)  the  coexistence  of  the  3 phases, 

Li,  Li^B^,  and  Li^B,  is  supported  by  all  of  the  density  calculations. 

That  the  electrical  properties  of  these  alloys  are  subject  to  some 
experimental  uncertainty  because  of  their  undetermined  and  variable 
metallurgical  nature  should  not  be  surprising. 

12.  Ernst,  Donald,  Dr.,  Naval  Surface  Weapons  Center,  private  commun. 
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FIGURE  9 PERCENTAGE  DIFFERENCE  BETWEEN  THE  MEASURED  DENSITY,  d^,  AND 

THE  CALCULATED  DENSITY,  d.  OF  A MIXTURE  OF  Li  WITH  A SECOND  PHASE 
(LABELED  NEXT  TO  THE  CURVE).  THE  Li2B  AND  Li2B3  ARE  HYPOTHETICAL 
PHASES. 
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I TABLE  5 

[ COMPOSITION  OF  LIB  WITH  3 PHASES  PRESENT,  Li,  Ll^B^  AND  Li^B 

I 

f - - - 

i 


c 

Total  Li 

^1 

Free  Li 

^2 

Li3B^ 

"3 

Li^B 

X 

0.900 

0.727 

0.163 

0.110 

0.634 

0.800 

0.505 

0.392 

0.103 

0.596 

0.700 

0.260 

0.591 

0.149 

0.593 

0.600 

0.088 

0.885 

0.026 

0.561 
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CONCLUSIONS 

The  only  LiB  compounds  reported  previous  to  1972  were  the  B rich 
phases  LiB^,  Li  32®,68i  LiB4;  and  LiB]^0,§5-  1972  a whole  new 

class  of  LiB  alloys  was  discovered  that ’ included  many  possible  Li 
rich  compounds,  one  of  which  is  LicB^.  The  unique  way  in  which  these 
coiiij  ounds  are  formed  makes  the  control  and  understanding  of  the 
properties  difficult. 

Densities,  electrical  resistivities  and  Hall  coefficients  of  these 
new  LiB  alloys  have  been  presented  here.  Since  the  phase  diagram  of 
LiB  is  not  known,  much  of  this  work  was  directed  toward  understanding 
the  metallurgical  nature  of  the  alloy. 

From  an  analysis  of  the  density  made  by  calculating  the  theoret- 
ical density  of  the  alloy  from  the  known  stoichiometry  and  density 
of  the  various  phases  present  several  conclusions  are  possible. 

(1)  It  is  known  that  free  Li  is  present  in  the  composition  range 
0-40B,  from  the  electrochemical  work^,  from  the  structure  work®,  and 
from  the  resistivity  data  presented  here.  Since  the  density  calculated 
for  a combination  of  elemental  Li  and  elemental  B is  too  low,  there 
cannot  be  a significant  amount  of  free  B,  and  there  must  be  another 
phase,  or  phases,  present.  (2)  The  phases  present  must  have  a closer 
packing  of  Li  than  in  the  bcc  Li  structure.  Hexagonal  Li  could 
account  for  this,  but  such  a structure  does  not  index  the  observed 
x-ray  diffraction  pattern.  (3)  There  are  probably  3 or  more  phases 
present  in  the  alloys  studied,  which  means  the  alloys  were  not  in 
thermodynamic  equilibriiom.  (4)  The  three  coexistent  phases,  Li, 

Li5B4,  and  Li^B  could  explain  both  the  density  and  observed  x-ray 
results . 

The  electrical  resistivity  of  the  alloys  at  room  temperature  is 
fairly  constant  between  0 and  45B,  after  which  it  increases  rapidly. 
This  behavior  could  be  expected  since  the  electrical  resistivity  of 
B is  about  12  orders  of  magnitude  higher  than  Li 

The  Hall  constant  at  room  temperature  doesn't  vary  much  with 
composition  between  10  and  SOB  and  has  a magnitude  of  about  lO'^m^C"!. 
Lithium  has  Ry = - 1 . 7 x 10“10m3C“l,  and  B has  a large,  positive  Hall 
constant.  Above  SOB  the  Hall  constant  of  the  alloy  increases  more 
rapidly . 

A study  of  the  degradation  of  the  samples  due  to  contamination  by 
the  impurities  H2O,  O2 , and  N2  suggests  that  the  compounds  of  LiB  are 
more  susceptible  to  corrosion  than  pure  Li. 

The  temperature  dependence  of  the  electrical  resistivity  of  these 
alloys  is  metallic  in  nature;  and  the  magnitude  is  low,  that  of  a well 
conducting  metallic  alloy.  No  indication  of  semiconducting  behavior 
was  found,  although  there  was  a rapid  rise  of  resistivity  as  the  B 
concentration  increased  above  SOB.  The  temperature  dependence  of  3 
samples,  40B,  SOB,  and  60B  was  studied  above  room  temperature. 
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^ There  was  a 10%  break  in  the  resistivity  of  the  40B  sample  at  the 

melting  point  of  Li,  which  indicated  the  presence  of  free  Li  in  that 
[ alloy.  It  was  possible  from  the  size  of  the  break  to  estimate  that 

the  concentration  of  Li  and  the  density  of  LiB  phases  in  the  40B 
sample  were  55.3  at.%  and  1.07  g/cm3.  respectively,  very  close  to 
! the  stoichiometry  and  density  of  Li5B4,  i.e.,  55.6  Li  and  1.0537  g! ever, 

\ respectively. 

No  correlation  of  properties  with  different  annealing  treatments 
was  found.  It  is  thought  that  the  properties  are  determined  by  the 
mixture  of  phases  present. 
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